The aim of the experimental analysis was to investigate the nature of subresolution targets, such as HydroxyApatite (HA) granules, in order to assess their detectability within a tissue mimicking material. Microcalcifications under 1mm are of clinic interest in mammary pathologies, and we considered HA granules with mean diameters ranging from 64 to 651 μm. Being the features of microcalcifications important indicators in the mammographic screening programs, we did target those microcalcifications to evaluate some diagnostic feasibility, complementary with respect to traditional B-mode imaging. The experimental characterization was conducted with a single element 5 MHz unfocused transducer and a single element 10.7 MHz focused transducer. "Ad hoc" Agar phantoms were scanned by means of a translation stage with a bidirectional repeatability of 2 μm. The acquired signals produced by the ultrasounds backscattered by the microgranules were processed in the frequency and time domains. The results showed a suitable agreement with the Faran theory for the backscatter from spherical targets, both in the frequency domain, when considering the amplitude spectrum of the received echoes, and in the time domain, when Signal-ToNoise and Contrast-To-Noise ratios of such echoes were computed.
Introduction
Breast carcinomas exhibit variable mammographic appearances, but they can be collected into five main groups: nodular opacities (26 percent), nodular opacities with microcalcifications (MCs) (17 percent), parenchymal disruption (7.5 percent), parenchymal disruption with microcalcifications (2.5 percent), microcalcifications as unique disease evidence (47 percent) [1] . Actually, ultrasound B-mode technique does not reliably detect microcalcifications: in fact, MCs located in hypoechoic region are detected, while in fibroglandular tissues they are unlikely to be recognized with standard ultrasound techniques [2, 3] . An attempt to recognize those findings is made by using the assumption by [4, 5, 6] , where the acoustic properties of MCs are similar to those for bone: referring to hydroxyapatite (HA) as the most common constituent of MCs, the HA to Soft Tissue reflection coefficient is close to 0.9 and this makes possible to model a subresolution MC as a bright point reflector under ultrasound [7] . Backscatter from HA spheres can be studied by using Faran model: it gives an exact solution to derive the complex spectra of echoes from an elastic sphere in a fluid. The model assumes that the target is insonified with monochromatic plane waves and that the point of observation is in the far field. The extension to the broadband case requires the superposition of solutions at an appropriate range of frequencies [8, 9, 10] . Faran model was solved using the code derived by Anderson [2] . The model returns the far field form function at a specified observation point: this means that setting the observation point at π, the model gives the backscattering form function for an elastic sphere of specified geometrical and acoustical features. Object of this study was characterizing microcalcifications of hydroxyapatite evaluating spectral and temporal features of the received echoes under ultrasound investigation.
Materials and Methods

Phantom preparation and experimental setup
In order to mimic human soft tissues, Agar powder (Agar A7921, Sigma Aldrich, Milan, Italy) was used to prepare the phantom. Agar solutions show mechanical and acoustic properties similar to those of human soft tissues [11, 12, 13] . Depending on the percentage of powder in water different mechanical properties can be obtained. Agar percentages varying from 0.6 to 1.2 percent mimic soft tissues, while double percentages mimic harder tissues, similar to cancers [14] . The following procedure was adopted to realize the phantom. The background material is a mixture of distilled water and Agar A7921 at 1 percent (i.e. 10 g Agar powder / 1 L water) [15] ; the mixture is then heated in a double pot till it boils and it is continuously stirred to avoid clots and air bubbles. The liquid mixture is then poured into a mould at 30 °C ± 1 °C and the liquid to solid phase transition is rapid. The temperature is measured by a K-type thermocouple. While filling the mould, ten microgranules of HA (fin-granule diameter 250-650 µm, Finceramica Faenza, Ravenna, Italy) are distributed on the background of the phantom in a grid configuration as in Figure 1 . When a thin film of liquid mixture with microgranules has got solid, the remaining background filler is gently poured so that granules stay still at their positions; this phantom was realized for mimicking MCs located in fibroglandular tissues: being interested in superficial inspections corresponding to 2 -3 cm from the skin, a set of eight granules were placed as shown in Figure 1 . Those granules have been previously isolated and measured with an optical microscope (Officine Galileo, Italy) with 1 μm of resolution: we measured 20 times each diameter and values are reported in Table 1 . This selection took place in one single day (22 ± 2 °C room temperature, 50 ± 5 percent humidity). The phantom was at first examined using a single element non focused 5 MHz probe (probe "A"). A second set of trials was subsequently performed using a 10.7 MHz single element focused probe (probe "B"). Transducers details are listed in Table 2 . . Block scheme of experimental setup: the ultrasonic P/R provides the excitation pulse to the probe and is set to receive the RF signal which is the sent to the oscilloscope for data visualization and acquisition. The transducer scan step is provided by a remote controlled PI translator.
In both cases, transducers were acoustically coupled to the phantom using a layer of distilled water, in order to have the HA targets at the transducer focal length. The choice of single element transducers arose from the assumption that they allowed to perform the experimental trials avoiding any signal and data processing used when both transmit and receive beam-forming are applied, i.e. during electronic scanning with array transducers. Consequently, the scanning process was taken out by means of a mechanical translation stage and is not the result of the sequential activation of the array elements. Moreover, all subsequent signal elaboration made by commercial scanners, such as Time Gain Compensation (TGC), logarithmic compression and final grey-scale conversion necessary for B-mode presentation, have been discarded. This choice has revealed of fundamental importance, since the usual processing of echographic signal made by commercial scanners can hide sub-resolution scatterers since weak signals (i.e. speckle) are subject to a higher amplification. The validity of this approach is confirmed by other Authors [17] . A temporal window of 40 µs is selected, so that computing Fast Fourier Transform (FFT) a spectral resolution of 1/40 µs = 25 kHz could be acceptable in order to point out the spectral behavior of MCs according to Faran model. Phantom was scanned in 50 µm steps.
Frequency domain analysis
Faran model was proposed both for cylindrical inclusions and for spherical inclusions. The theory states that the reverberation of sound within a scatterer results in an echo response that is strongly frequency dependent for ka > 5 (being k the wave number, and a the radius of HA spherical inclusion). A software developed by M.E.
Anderson based on Faran model solution for spheres was used for simulating the spectrum of the backscattered pulse. By entering the properties of HA and the background medium as listed in the Table 3 [15, 18, 19] , it is possible to get the backscattering coefficient over a wide range of the product ka. The aim was to obtain predictions of frequency spectra from the HA spherules embedded within the previously described phantom. For this purpose Gaussian-modulated sinusoidal pulses centered at 5 MHz and 10.7 MHz with 66 percent and 60 percent fractional bandwidth respectively were utilized to simulate the ultrasound pulses produced by the transducers. Backscattering form functions, obtained according to Faran theory, were then multiplied by the frequency domain signals of the cited Gaussian pulses obtained through the Fourier transformation computed using a fast algorithm (FFT). The reason is that FFT is an "algorithm" not a signal representation. Equation (1) where t is time, k 3 is the wave number in the background fluid, θ is the scattering angle, p 0 is the incident pressure amplitude, a is the sphere radius, r is the distance from the transducer surface to the sphere, x 3 =k 3 ·a, n is the required order of the solution, P m is the Legendre polynomial and η m is a complex parameter depending on the densities of both the sphere and the fluid.
Time domain analysis
Denoting with E the mean value of the envelope of received echoes, the following parameters have been computed:
Equation (2) is the mean of a tract of the envelope of the received signal s(t) where the echo from the microgranule is present, calculated over a time interval Δt centred on the envelope maximum. Equation (3) is relative to a tract n(t) which do not include any echo generated by the HA scatterer and thus representative of the absence of the detail of interest. The standard deviation [ ] )} ( { t n E σ was also calculated and taken as an estimate of the background noise n(t), i.e. due to the speckle generated by the soft tissue mimicking material. Fixed intervals Δt of 4 µs, 6 µs, 8 µs and 20 µs, were firstly considered as time gates. Time varying intervals was also considered, defined as the time window in which the echo amplitude falls down to -20 dB with respect to the echo amplitude maximum. Finally, the Signal-to-Noise Ratio (SNR) according to [21] and the Contrast (C) according to [22] , were calculated using Eqs. (5) and (6).
Equations (3)-(6) are used to characterize ten microgranules and the results are showed in Figure 6 from a) to c)
Results and Discussion
Frequency domain
From a comparison of the spectra of echoes generated by the microgranules with the respective models, results that Faran spectra are predictive of the experimental ones. In particular Figure 3a) and b) were obtained with the 5 MHz transducer with a 598 μm and a 450 μm granules, respectively. Figures 4 a), b) , c) show experimental spectra and their respective Faran models when utilizing the 10.7 MHz single element focused transducer for analyzing 160 μm, 278 μm and 379 μm granules respectively. Figure 5 shows the superposition of spectra from a 540 μm granule, both with 5 MHz and 10.7 MHz transducers. 
Time domain
For every HA granule and for each window length Δt above mentioned, the mean value of the envelope of the detected signal, SNR and Contrast resolution were computed as in Eqs (2), (5) Since Eqs. (2), (5) and (6) are frequency independent, in order to plot said parameters together with the Ffff, the values of the abscissa ka=2πfa/c were computed considering the frequency f as the central frequency of the utilized transducer. While the gating window is increased the mean value of the envelope of the gated signal decreases for any HA granule (Figure 6 a) Figures 6b) and 6c ). This should be expected since both SNR and Contrast both depends on the amplitude of the envelope of the signal. However, the contrast C seems to follow closely the theoretical curve and further looks less sensitive to the variations of the time window Δt.
Conclusion
In this paper we reviewed and experimentally tested two methods for studying the behavior of hydroxyapatite granules mimicking microcalcifications in the field of mammary tumor pathologies. Basically microcalcifications are better studied with x-ray exams, but acoustical properties of microcalcifications in soft tissues makes them suitable to be investigated with echographic procedures. Our approach takes as first step the characterization of microgranules of hydroxyapatite in specially conceived Agar phantom. In the first experimental trials we recognized the HA granules of several diameters as elastic scatterers having a spectrum different from that of the RF lines received from tissue without embedded scatterers and in good agreement with Faran model. Direct processing of the echoes in time domain in order to obtain mean, SNR and contrast, reveales that a certain behaviour arises almost mimicking the trend of Faran model, specially for the contrast (Figure 6c) . Aside with the traditional B-mode visualization, these two techniques could be useful as supporting tools, i.e. when examining some detail near or below the resolution limit, such as microcalcifications. With the proposed approach it would be possible to ascertain false-positive contributions due to Faran-unlike objects such as soft tissue non homogeneities.
